Immunization of cattle with native MSP1 induces protection against Anaplasma marginale. The native immunogen is composed of a single MSP1a protein and multiple, undefined MSP1b polypeptides. In addition to the originally sequenced gene, designated msp1␤(F1), we identified three complete msp1␤ genes in the Florida strain: msp1␤(F2), msp1␤(F3), and msp1␤(F4). Each of these polymorphic genes encodes a structurally unique MSP1b protein, and unique transcripts can be identified during acute A. marginale rickettsemia. The structural polymorphism is clustered in discrete variable regions, and each MSP1b protein results from a unique mosaic of five variable regions. Although each of the MSP1b proteins in the Florida strain contains epitopes recognized by serum antibody induced by protective immunization with the native MSP1 complex, the variable regions also include epitopes expressed by some but not all of the MSP1b proteins. These data support testing recombinant vaccines composed of the multiple antigenically and structurally unique MSP1b proteins combined with MSP1a in order to mimic the efficacy of native MSP1 immunization.
Anaplasma marginale is a tick-transmitted rickettsial pathogen of cattle, classified within erhrlichial genogroup II, that causes significant morbidity and mortality in tropical and subtropical regions worldwide (15, 31) . Following transmission, A. marginale invades and replicates in mature erythrocytes. Sequential rounds of invasion and replication result in a high level of rickettsemia (Ն10 9 /ml of blood) and consequent severe anemia, weight loss, abortion, and death (15) . Individuals that survive acute rickettsemia remain persistently infected and serve as reservoirs for tick transmission to susceptible cattle (9) .
A. marginale infection occurs in temperate and subtropical climates but is most prevalent in tropical regions (15) . A recent study of cattle in northern Veracruz State in Mexico identified 69% of cattle as being rickettsemic (7), and similar infection rates of 73 and 78% have been reported for cattle in St. Lucia (13) and El Salvador (25) , respectively. This high prevalence is associated with significant rates of transmission; 26% of total cattle deaths in Mexico during 1995 were due to the movement of susceptible cattle into high-prevalence areas and subsequent A. marginale transmission (12) . Consequently, there is an acute need for a safe and effective vaccine.
Immunization with A. marginale outer membranes induces protection against challenge, and this immunity correlates with the titer of antibody to the major surface proteins (MSPs) (24, 29) . Antibody specific for MSP1 blocks the binding of A. marginale to erythrocytes (16, 17) and opsonizes live organisms for macrophage phagocytosis (6) . Immunization of cattle with native purified MSP1, a heteromeric complex of MSP1a and MSP1b (MSP1a/b) (5, 30) , confers protection against acute rickettsemia and disease (20, 21) . As a result MSP1 has been investigated for recombinant vaccine development. However, unlike the results obtained using the native MSP1a/b complex, immunization with recombinant MSP1a, MSP1b, or the combination of these two proteins has not induced significant protection (23) . MSP1a is encoded by a single gene copy and is invariant within a strain (4) . In contrast, MSP1b is proposed to be encoded by a multigene family, since four partially homologous msp1␤ copies have been detected in the Florida strain using restriction enzyme and Southern blot analysis (5) . The recombinant MSP1b used in the unsuccessful immunization trials was expressed from the only msp1␤ gene copy sequenced to date (5) , now designated msp1␤(F1) to indicate its derivation from the Florida strain. Whether additional complete msp1␤ copies are present in the genome and are expressed by the organism or, alternatively, are pseudogenes has not been previously addressed. If these other gene copies encode unique MSP1b proteins that are expressed by A. marginale, this may explain why immunization with a single copy of MSP1b combined with MSP1a fails to induce the same level of protection as that afforded by the native MSP1a/b complex. In this paper, we report the cloning and sequencing of these additional gene copies, analysis of their polymorphic regions, expression of the unique transcripts during acute A. marginale rickettsemia, and the binding of antibody from protectively immunized cattle to each expressed MSP1b variant.
MATERIALS AND METHODS
Cloning and sequencing of genomic copies of msp1␤. Genomic DNA was extracted from stabilates of the Florida and Havana, Cuba, strains of A. marginale by using a Puregene (Gentra) DNA extraction kit. Gene copies of msp1␤ were amplified using forward and reverse primers derived from the 5Ј and 3Ј ends, respectively, of the previously cloned Florida strain msp1␤(F1) copy (5) . The sequence of the forward primer was 5Ј-ATGACAGAAGACGACAAGCA ACAACA, and that of the reverse primer was 5Ј-TTACCTAGACCAACCAG AAGACTG. Amplification using Pwo DNA polymerase (Boehringer Mannheim), ligation of the 2.2-kb amplicons into pCR-Blunt (Invitrogen), and transformation of Escherichia coli One Shot were done as previously described (10) . The presence of inserts in plasmids from transformed colonies was confirmed by restriction digestion using EcoRI or by PCR using primers derived from the flanking regions. Insert DNA was sequenced in both directions by using an ABI PRISM (Applied Biosystems) automated sequencer. Sequence analysis was performed on a VAX11/785 computer, using the Genetics Computer Group package from the University of Wisconsin, Madison, according to the instructions in the manual.
Detection of specific msp1␤ transcripts. Calf 97B37 was inoculated with the Florida strain of A. marginale and developed acute rickettsemia characterized by Ͼ10 9 organisms per ml of blood (69% infected erythrocytes). Total RNA was extracted from whole blood obtained at the peak level of acute rickettsemia using TRIzol (BRL) and then reverse transcribed with random hexamers, as previously described in detail (8, 11) . To identify specific msp1␤ gene copy transcripts, the cDNA was amplified using msp1␤-specific primer sets and then sequenced. The primer sets used to amplify msp1␤(F2) cDNA were as follows: forward primer, 5Ј-CGGGATCCGAAGACCATCGTCAGCG; reverse primer, 5Ј-CGGGATCC GTACTGCTGCAAGTAAG. The primer sets for amplification of msp1␤(F3) cDNA were as follows: forward primer, 5Ј-GCCCAGAAACGATATATGC; reverse primer, 5Ј-GGGATCCGTTACCTAGACCAACCAGA. Amplification using Pwo polymerase, ligation, transformation, sequencing, and sequence analysis were done as described above.
Expression of variant MSP1b proteins. The proteins encoded by the polymorphic copies of msp1␤ in the Florida strain were expressed as His-tagged fusion proteins. Full-length msp1␤(F2), msp1␤(F3), and msp1␤(F4) were subcloned from plasmids containing the individual gene copies into pET19b (Novagen). The primers used for subcloning were identical to those used in the initial cloning from genomic DNA (sequences provided above), with the exception that BamHI sites were incorporated into each primer. Following PCR amplification, the individual amplicons were digested with BamHI and ligated in-frame into BamHI-digested and dephosphorylated pET19b. Competent E. coli XL-1 Blue cells were transformed with the ligated vector. Plasmids with inserts in the correct orientation were selected following analysis by restriction enzyme digestion and confirmation by sequencing the vector-insert junction. These plasmids were designated pET(F2), pET(F3), and pET(F4) and were then used to transform competent E. coli BL21(DE3) cells. The expressed MSP1bF2, -F3, and -F4 His-tagged fusion proteins were purified on Ni 2ϩ -charged columns under denaturing conditions as recommended by the manufacturer (Novagen), but the procedure was modified by adding imidazole in the wash buffer (0.5 M NaCl, 20 mM Tris [pH 7.9], 80 mM imidazole) to minimize nonspecific binding of proteins to the column (11) . Eluted protein fractions were dialyzed against phosphatebuffered saline (PBS) for 48 h at 4°C. Protein fractions were then separated by electrophoresis on a sodium dodecyl sulfate (SDS)-containing polyacrylamide gel, and the purity of the eluted proteins was examined by silver staining (27) .
Reactivity of anti-native MSP1a/b complex antibody with variant MSP1b proteins. Native MSP1a/b complex was purified from the Florida strain of A. marginale by affinity chromatography using monoclonal antibody ANAF15D2, as previously described in detail (20, 21) . Prior to immunization, age-matched male holstein calves were shown to be seronegative for A. marginale and to be negative when Giemsa-stained blood smears were examined microscopically (20) . Five calves were immunized subcutaneously four times, at 3-week intervals, with 500 g of native MSP1a/b in 6 mg of saponin. One of the immunized calves died from an unrelated cause prior to challenge. Five control calves were immunized on the identical schedule but with saponin alone. Prior to challenge, titers of antibody against native MSP1a/b in serum were determined using a previously described enzyme-linked immunosorbent assay (ELISA) (21) . All nine calves were challenged by intravenous inoculation of 10 5 erythrocytes infected with live A. marginale Florida strain. Development of acute rickettsemia was monitored by daily microscopic examination of blood smears and quantified by determining the percentage of infected erythrocytes.
Serum collected after MSP1a/b immunization but prior to challenge was tested for ability to bind each of the His-tagged MSP1b fusion proteins using immunoblots. Briefly, 3.5 g of each fusion protein was electrophoresed in a 7.5 to 17.5% polyacrylamide gel containing SDS, transferred to nitrocellulose, and then incubated with a 1:2,000 dilution of serum from immunized calf 541 (10) . Bound antibody was detected using a 1:20,000 dilution of peroxidase-conjugated protein G followed by enhanced chemiluminescence. A His-tagged Babesia bigemina RAP-1 fusion protein, expressed using the same plasmid vector and E. coli host strain and purified using identical conditions, was used as a negative antigen control. Preimmunization serum from calf 541 and postimmunization serum from calf 535, inoculated only with saponin, were used as negative antibody controls.
Detection of MSP1b variant-specific B-cell epitopes. Mice were immunized subcutaneously with 10 g of purified recombinant His-tagged MSP1bF2 or -F3 emulsified in Freund's complete adjuvant. Three booster immunizations using 10 g of each recombinant protein in Freund's incomplete adjuvant were given at approximately 3-week intervals. To detect variant-specific antibody, serum from a mouse immunized with MSP1bF2 was adsorbed against MSP1bF3. For adsorption, 5 g of MSP1bF3 was electrophoresed on an SDS-containing polyacrylamide gel, transferred to nitrocellulose, and incubated for 1 h at room temperature with anti-MSP1bF2 serum diluted 1:80,000 in TNT (0.01 M Tris, 0.067 M NaCl, 0.05% Tween 20 [pH 8.0]) containing 3% bovine serum albumin. Adsorption was repeated until there was no reactivity with MSP1bF3, and the adsorbed serum was then retested for remaining antibody specific for MSP1bF2 using immunoblots. Detection used a 1:5,000 dilution of goat anti-murine immunoglobulin and enhanced chemiluminescence, as described elsewhere (11) . This procedure was repeated using MSP1bF3 as the immunogen, adsorbing antiMSP1bF3 serum against MSP1bF2, and then testing the adsorbed serum for specific binding to MSP1bF3.
A second approach used immunization of mice with recombinant polypeptides representing variable region 4 (VR4) of either MSP1bF2 or MSP1bF3 and testing whether the induced antibody bound only to those full-length MSP1b proteins containing the homologous VR4. The VR4s were amplified from the individual full-length clones of both msp1␤(F2) and msp1␤(F3) using conserved primers that flanked the variable region. These primers, which included BamHI restriction sites (forward, 5Ј-CGGGATCCGAAGACCATCGTCAGCG; reverse, 5Ј-CGGGATCCGTACTGCTGCAAGTAAG), directed amplification of the region encoding amino acids 502 to 629 in MSP1bF2 and 495 to 607 in MSP1bF3. The amplicons were digested with BamHI and ligated in-frame into pET19b. Transformation, confirmation of the correct open reading frame by sequencing, purification of the His-tagged MSP1bF2 VR4 and MSP1bF3 VR4 on Ni 2ϩ -charged columns, and immunization of mice were carried out as described for the full-length fusion proteins described above. The anti-MSP1bF2 VR4 and anti-MSP1bF3 VR4 sera were tested at a 1:2,000 dilution for binding to the full-length recombinant MSP1bF2, -F3, and -F4 using immunoblots as described above. B. bigemina RAP-1 was used as a negative antigen control, and normal mouse serum was used as a negative antibody control.
Nucleotide sequence accession numbers. The nucleotide sequences have been deposited in GenBank with the following accession numbers: AF110808 for msp1␤(F2), AF110809 for msp1␤(F3), AF110810 for msp1␤(F4), AF112479 for msp1␤(C1), and AF112480 for msp1␤(C2).
RESULTS
Polymorphism in genomic copies of msp1␤. Three unique genomic copies of msp1␤ were newly identified in the Florida strain: msp1␤(F2), msp1␤(F3), and msp1␤(F4). Each msp1␤ gene has a unique sequence compared to that of the originally described gene, designated msp1␤(F1), and varies in the size of the open reading frame, ranging from 2,160 to 2,226 bp. This size polymorphism reflects the occurrence of nucleotide deletions and insertions in individual members of this gene family. The start of the open reading frame is identical in all copies and is the same as that reported in the original msp1␤(F1) gene copy (5) . Sequence alignment of the encoded MSP1b proteins from the Florida strain revealed five major regions of sequence polymorphism separated by large blocks of conserved amino acid sequence ( Fig. 1 and 2 ). The variable re- gions, characterized by amino acid insertions, deletions, and substitutions, are as follows: VR1, amino acids 92 to 114 (numbering is based on MSP1bF1); VR2, 330 to 360; VR3, 429 to 459; VR4, 518 to 634; and VR5, 686 to 696 ( Fig. 1 and 2) . Although individual variable regions are shared among two or more of the Florida strain variants (for example, VR1 is identical in MSP1bF2, -F3, and -F4, while VR3 is identical in MSP1bF1, -F3, and -F4), each MSP1b protein is composed of a unique set of the five variable regions. Consequently, the identity between the encoded MSP1b proteins ranges from 79%, between MSP1bF2 and -F4, to 96%, between MSP1bF3 and -F4. The variation between the closely related MSP1bF3 and -F4 is limited to VR5 and the combination of substitutions and a short deletion at the extreme carboxyl ends of the proteins ( Fig. 1 and 2 ). Analysis of hydrophilicity using a sliding window length of 17 amino acids (14) revealed that VR1, VR3, and VR5 are located in amphipathic domains, while VR2 is within the most hydrophilic domain of the full-length protein (data not shown). In contrast, VR4 is composed of alternating hydrophilic and hydrophobic domains (Fig. 3) . Interestingly, comparison of the two forms of VR4, represented by MSP1bF2 and -F3, revealed that the domains that are most hydrophilic, and thus most likely to be surface exposed, include the variable oligopeptides, while the hydrophobic domains are conserved (Fig. 3) .
Only two unique msp1␤ copies, designated msp1␤(C1) and msp1␤(C2), were identified in the Havana, Cuba, strain. Sequencing of additional independent clones revealed only the identical msp1␤(C1) and msp1␤(C2) sequences. The proteins encoded by msp1␤(C1) and msp1␤(C2) are 82% identical, with the polymorphism occurring in VR1, VR2, VR4, and VR5 (Fig. 2) . The VR3s in the two copies of MSP1b in the Havana strain are very similar, with differences limited to amino acid substitutions at two positions (amino acids 436 and 437 in MSP1bC1 [ Fig. 2]) . None of the genomic or predicted protein sequences are identical between the Havana and Florida strains. Overall, the highest identity in MSP1b protein sequences between strains is found for MSP1bC1 and -F4 and for MSP1bC2 and -F2 (both 90%). The only variable region that is shared between strains is VR2, which is identical among MSP1bC2, MSP1bF1, and MSP1bF2. The VR1, VR3, VR4, and VR5 regions in both MSP1bC1 and MSP1bC2 are unique compared to those of each of the four Florida strain MSP1b variants due to individual substitutions and relatively small insertions or deletions encoding as many as 7 amino acids (Fig.  2) . Notably, the region from the start of VR5 to the carboxyl end in MSP1bC1 and -C2 are mosaics of the two different VR5 sequences identified in the Florida strain. For example, 13 of the 17 variable amino acids in the MSP1bC2 sequence spanning amino acids 668 to 726 are identical to those contained in the VR5 shared by Florida strain MSP1bF2 and -F3, 3 are identical to those of the VR5 in MSP1bF1 and -F4, and 1 substitution is unique to MSP1bC2 (Fig. 2) . In contrast, in the same region in MSP1bC1, represented by amino acids 649 to 707, 9 of the 22 variable amino acids are identical to those of the VR5 in MSP1bF1 and -F4, 6 are identical to those of the VR5 in MSP1bF2 and -F3, and 7 are unique (Fig. 2) .
Polymorphic msp1␤ genes are transcribed during acute rickettsemia. The msp1␤(F1) copy had previously been shown to be transcribed in acute rickettsemia (5) . To determine if multiple polymorphic msp1␤ transcripts could be expressed, copy-specific primer sets were used to amplify cDNA derived by reverse transcription of blood obtained from calf 97B37 during acute Florida strain rickettsemia. Transcripts from msp1␤(F2) and msp1␤(F3) were targeted because these differ in the largest variable region, VR4, and could be amplified using primers specific for the individual gene. In contrast, msp1␤(F4) is 96% identical to msp1␤(F3) and has no sequences that are not also present in msp1␤(F3) or msp1␤(F1). The MSP1bF2 primers were selected from the sequences flanking the msp1␤(F2) VR4 region and were expected to amplify a fragment from nucleotide 1503 to 1884. The resulting amplicon had the predicted size of 381 bp (Fig. 4) . The cDNA sequence was 100% identical with the MSP1bF2 genomic sequence. Sequences of four additional, independently derived cDNA clones were also identical to the MSP1bF2 genomic sequence (data not shown). Similarly, MSP1bF3 primers were selected to amplify across part of msp1␤(F3) VR4 and all of VR5, from nucleotides 1723 to 2160. The resulting amplicon had the predicted size of 437 bp (Fig. 4) . Ten independently derived cDNA clones were randomly selected and sequenced. Multiple alignment of all MSP1bF3 cDNA clones showed no changes among them and 100% identity with the MSP1bF3 genomic copy of msp1␤.
MSP1b variants contain epitopes bound by antibodies induced by protective MSP1a/b immunization. The calves immunized with the native Florida strain MSP1a/b all developed high titers of antibody to the immunogen in serum (ELISA titer range, 10 3 to 10 5 ), while all control calves, inoculated with adjuvant alone on the identical schedule, had no detectable antibody at the lowest dilution tested, 1:100. Upon challenge with the Florida strain, the MSP1a/b-immunized group developed a mean peak rickettsemia of 1.3 Ϯ 2.4% infected erythrocytes. Two of the immunized calves, calves 541 and 537, did not develop any microscopically detectable rickettsemia during the 75-day postchallenge observation period. In contrast, all control calves developed rickettsemia, with a group mean of 4.7 Ϯ 2.5% infected erythrocytes. The rickettsemia in the MSP1a/b-immunized calves was significantly lower (P Յ 0.05) compared to that in the control group using the one-tailed t test for comparison of means with unequal variances (28) . Whether each of the Florida strain MSP1b variants contained epitopes bound by serum antibody induced by native MSP1a/b immunization was tested using serum from calf 541 in Western blots. This calf had the highest ELISA titer, 10 5 , to the native MSP1a/b. The His-tagged recombinant MSP1bF2, -F3, and -F4 proteins were individually isolated using Ni 2ϩ -charged affinity columns, and the purity was analyzed by silver staining of polyacrylamide gels (Fig. 5) . Serum from calf 541 bound each of the MSP1b variants (Fig. 6, center panel) . In contrast, there was no binding of either preimmunization serum from calf 541 (Fig. 6, right panel) or serum from calf 535, immunized with adjuvant alone (Fig. 6, left panel) .
Detection of MSP1b variant-specific B-cell epitopes. MSP1bF2 and MSP1bF3 differ markedly in VR2, VR3, and VR4 ( Fig. 1  and 2 ). To detect MSP1bF2-specific epitopes, serum from a mouse immunized with purified recombinant MSP1bF2 was adsorbed with MSP1bF3. The preadsorption sera bound recombinant MSP1bF2 and MSP1bF3; however, complete adsorption of the MSP1bF2 antiserum with MSP1bF3 also ablated detectable binding to MSP1bF2 (data not shown). A similar result was obtained using anti-MSP1bF3 serum adsorbed with MSP1bF2 and then retested for binding to MSP1bF3 (data not shown).
A second approach for detection of MSP1b variant-specific epitopes, using immunization of mice with recombinant VR4 derived from either MSP1bF2 or MSP1bF3, was then tested. None of the three mice immunized with the MSP1bF2 VR4 developed specific antibody that bound the full-length homologous MSP1bF2 (data not shown). In contrast, two of the three mice immunized with the MSP1bF3 VR4 developed specific antibody. This serum antibody bound full-length MSP1bF3 and -F4, which contain the identical VR4 ( Fig. 1 and 2 ), but not MSP1bF2, which contains a different VR4, or the negative control, His-tagged recombinant B. bigemina protein (Fig. 7) . Normal mouse serum did not react with any of the MSP1b variants or the His-tagged B. bigemina protein (Fig. 7) .
DISCUSSION
We have identified three complete msp1␤ genes in the Florida strain, in addition to the originally sequenced msp1␤(F1) (5) , and shown that each of these encodes a unique MSP1b protein. Both msp1␤(F2) and msp1␤(F3) were shown to be transcribed in acute A. marginale rickettsemia (Fig. 4) , and msp1␤(F1) specific transcripts have been previously identified in the acute stage (5). Thus, the msp1␤ genes appear to constitute a true multigene family as opposed to a single msp1␤(F1) gene accompanied by related pseudogenes. Like the well-characterized A. marginale msp2 and msp3 gene families (3, 10, 22, 26) , the msp1␤ polymorphism is clustered in discrete regions interspersed among highly conserved sequences. However unlike MSP2 and MSP3, identical variable regions are shared by more than one of the encoded MSP1b proteins ( Fig. 1 and 2) . As a result, each MSP1b variant may be seen as a unique mosaic of the five variable regions. The functional significance of the individual variable regions and how the presence of different combinations of variable regions may affect protein conformation and subsequent function are intriguing questions raised by the pattern of MSP1b polymorphism. Interestingly, VR2 and the polymorphic oligopeptides of VR4 are highly hydrophilic and are predicted to be surface exposed. This likely surface exposure, in combination with the previous identification of MSP1b as an adhesin (16, 17) , suggests testing hypotheses regarding the role of these variable regions in binding to different erythrocyte receptors, as shown for erythrocyte-binding proteins encoded by multigene families in Plasmodium spp. (1, 2) .
To date, msp1␤ genes have been sequenced only from the Florida and Havana strains examined here. Consequently, the ability to compare polymorphism among strains and to identify strain-specific regions is very limited. Nonetheless, the MSP1b structure of conserved regions and defined polymorphic re- 3) , and MSP1bF4 (lane 4) were electrophoresed on SDS-containing polyacrylamide gels and detected using silver staining (27) . Lanes 2 and 3 represent different batches of purified MSP1bF3. Positions of molecular size markers are indicated in the right margin.
gions appears to be maintained. The two variants, MSP1bC1 and -C2, identified in the Havana strain differed from each other in each of the five variable regions. This is in contrast to the Florida strain, in which none of the four variants differed from each other in all the variable regions. Thus, although only two variants were identified in the Havana strain, the overall degree of variation is quite similar to that represented by the four Florida strain MSP1b variants. Interestingly, the composition of VR5 and its flanking regions in both MSP1bC1 and -C2 is itself a mosaic of the two different VR5 sequences contained within the Florida strain. Although MSP1bC1 and -C2 have different sequences in this region, most of the individual VR5 substitutions in MSP1bC1 and -C2 match either those in the Florida strain MSP1bF1 and -F4 or those in MSP1bF2 and -F3. This occurrence of apparently limited allowable amino acid substitutions suggests functional constraints on the MSP1b sequence, even within the variable regions.
The polymorphism encoded in the variant MSP1b proteins provides the structural basis for dissecting the difference in induction of protective immunity between native MSP1a/b, which induces protection, and the mixture of recombinant MSP1a and the single recombinant MSP1bF1, which does not (20, 21, 23) . In fact the first evidence for expression of more than a single MSP1b was the presence of multiple polypeptides, differing in apparent molecular size by 1 to 3 kDa, in the purified native Florida strain MSP1a/b (19) . That observed variation in size is consistent with the differences in the predicted molecular sizes of the four variant Florida strain MSP1b proteins reported here. To determine if antibody from protectively immunized calves recognized each of the MSP1b variant proteins, we essentially replicated the initial experiments showing that purified native MSP1a/b induced protective immunity (20, 21) . In the present experiment, the peak rickettsemia upon challenge in the MSP1a/b-immunized calves was significantly lower than that in adjuvant control calves and was consistent with that previously reported for native MSP1a/b immunization (20, 21) . Serum antibody from calf 541, immunized with native MSP1a/b complex, bound all four Florida strain MSP1b copies (Fig. 6 ). This may reflect induction of antibodies to epitopes shared among all four MSP1b variants or, alternatively, antibodies to the variable regions expressed by each MSP1b variant. We were unable to detect MSP1b variantspecific antibody from calf 541 by adsorbing antibody against one variant and then retesting reactivity with a different variant (data not shown). However, this failure to detect variant-specific antibody may reflect the technical limitations of adsorption and detection using immunoblots that do not maintain the native conformation (18) . We were similarly unable to detect variant-specific antibody using the same technique with serum antibodies induced by immunization of mice with purified recombinant MSP1bF2 and -F3, despite the extensive polymorphism occurring in VR2, VR3, and VR4 between the two variants ( Fig. 1 and 2 ). In contrast, immunization of mice with the VR4 region from MSP1bF3 induced antibody that bound only those full-length MSP1b variants, MSP1bF3 and -F4, that contained the identical VR4 region. Interestingly, the variantspecific differences in VR4 occur within the hydrophilic domains that are predicted to be surface exposed. The importance of surface-reactive antibody in immunity to A. marginale (24) suggests that the VR4 structural and antigenic polymorphism may be relevant to MSP1a/b vaccine development.
While these data clearly establish that variant B-cell epitopes can be expressed by the unique MSP1b proteins, they leave several key questions unanswered regarding the role of MSP1b variant epitopes in protective immunity. First, what is the full spectrum of epitope variation encoded by the different variable regions? Second, are these epitopes recognized by cattle protectively immunized with native MSP1a/b? Third, is antibody binding to these variant epitopes required for induction of protective immunity? Fourth, does the variation in MSP1b observed between strains arise as a result of immune selection, and, if so, how rapidly is this variation generated? Using the information reported in the present article, these questions can now be addressed by immunization with unique combinations of MSP1a and MSP1b variants. These proposed experiments could provide substantial progress toward developing an effective recombinant vaccine against bovine anaplasmosis. 
